Introduction
During development and tissue homeostasis, stem and progenitor cells proliferate to generate 38 daughter cells that acquire specialized functions. The terminal differentiation of such cells coincides with a permanent withdrawal from the cell division cycle. This cell-cycle arrest is 40 achieved by a combination of cell cycle regulators that include the retinoblastoma tumor 5 Several mechanisms have been proposed to explain the remarkable spectrum of SWI/SNF gene 88 mutations. The correlation between cancer type and mutated subunits has been taken to indicate that specific subunits protect against cancer in specific tissues (Kadoch et al. 2013) . Mutation or 90 deletion of specific SWI/SNF subunits could lead to the formation of complexes with alternative composition, thereby removing a tumor suppressive function and activating a pro-oncogenic 92 transcription program by the remaining, perhaps aberrantly assembled, SWI/SNF complexes (Helming et al. 2014b; Wang et al. 2009, 5) . Alternatively, various subunits of the SWI/SNF 94 complex may be haploinsufficient, implying a dosage-dependent tumor suppressor role for the complex (Kadoch and Crabtree 2015; Wilson and Roberts 2011; Kadoch et al. 2016) . In this 96 model, a reduction of the tumor suppressive function of SWI/SNF would sufficiently alter gene expression patterns to predispose cells to tumor development (Wilson and Roberts 2011; Kadoch 98 et al. 2016) . In certain cases, mutations appear to lead to neomorphic gain-of-function or dominant-negative inhibition of SWI/SNF complexes and thereby promote cancer formation or 100 neurologic disease. For instance, point mutations in the ATPase domain can lead to assembly of non-functional complexes, which changes chromatin accessibility by competing with wild type 102 complexes (Bögershausen and Wollnik 2018; Hodges et al. 2018) . Whether the observed SWI/SNF subunit mutations reflect neomorphic or dominant-negative effects, haploinsufficient 104 functions, or cancer-type specific variations of these models, remains a topic of investigation, as do the reasons behind the strong cancer-type bias in mutated subunits. 106 In this study, we characterize how partial versus complete loss-of-function of various SWI/SNF 108 subunits affect the in vivo proliferation and differentiation of muscle precursor cells. We take advantage of the invariant cell lineage and advanced possibilities for controlled manipulation in 110 6 the nematode Caenorhabditis elegans (Sulston and Horvitz 1977) . Using lineage-specific gene knockout and protein degradation technologies, we demonstrate that core subunits of the 112 SWI/SNF BAF complex contribute strong dosage-dependent functions in cell proliferation. As such, partial loss of function of BAF subunits leads to hyperplasia, which is enhanced by loss of 114 negative cell-cycle regulators. This indicates a tumor suppressive function of SWI/SNF BAF, which resides in part on PcG protein opposition. Strikingly, we found that in the same cells, low 116 levels of the SWI/SNF complex are required for cell proliferation, independently of the presence of PcG proteins or negative cell-cycle regulators. Our single molecule sequencing studies show that acute inactivation of SWI/SNF BAF in muscle precursor cells rapidly alters the transcript levels of several hundred genes, including cyclin D, demonstrating 120 that the complex is continuously required for the regulation of gene expression. Thus, in the same cell type and developmental decisions, a high dosage of SWI/SNF BAF subunits is needed 122 for temporal arrest of cell division and PcG opposition, while a low level is required to sustain proliferation. We propose that similar dosage-dependent effects explain the selection of 124 SWI/SNF partial loss-of-function mutations during carcinogenesis.
126

Results
The SWI/SNF BAF subcomplex is crucial for cell division arrest during development
128
To investigate how the SWI/SNF complex regulates cell proliferation, we exploited the fact that cell divisions in the nematode Caenorhabditis elegans follow a well-characterized invariant 130 pattern throughout development. Abnormal cell division patterns resulting from aberrant regulation of proliferation-differentiation processes can therefore be readily recognized, 132 monitored and quantified based on in vivo observations. Previously, we observed that a lineage-7 specific temperature-sensitive mutation in the SWI/SNF core subunit gene swsn-1 134 (SMARCC1/2) gives rise to hyperplasia during C. elegans post-embryonic mesoderm development. Importantly, this mutation combined with loss of negative cell-cycle regulators 136 induces a unique tumorous overproliferation phenotype (Ruijtenberg and van den Heuvel 2015) .
138
To examine the role of specific SWI/SNF subunits in the regulation of proliferation, we performed RNA interference (RNAi) experiments for C. elegans genes predicted to encode 140 components of two distinct subcomplexes, BAF and PBAF. These complexes share core subunits and several additional proteins, while differing in specific factors (figure supplement 1a-b). We 142 focused on the mesoblast (M) lineage, which includes two sequential periods of cell-cycle quiescence, proliferation and muscle differentiation (Sulston and Horvitz 1977) (Figure 1a ). indicate that the SWI/SNF BAF complex exerts a critical function needed for cell number expansion, in addition to promoting cell-cycle arrest and differentiation.
180
In contrast to the other conditional SWI/SNF mutants, swsn-2.1 knockout larvae remained 182 normal. Two paralogous C. elegans genes, swsn-2.1 and swsn-2.2, encode BAF60-related SWI/SNF subunits, compared to three paralogues in mammals (Ertl et al. 2016) . When combined 184 with swsn-2.2 RNAi, the swsn-2.1 knockout closely resembled the other conditional SWI/SNF gene knockouts (Figure 2c ). This indicates that swsn-2.1 and swsn-2.2 BAF60 act redundantly, 186 and likely in combination with core subunits as well as SWSN-8 ARID1, in proliferation control (Figure 2c ).
188
ATPase activity of the SWI/SNF complex is required both for cell division arrest and cell
proliferation
To assess whether the knockout phenotypes result from loss of the ATPase-dependent functions   192 of the complex, we created an ATPase-dead swsn-4 allele by introducing a lysine-to-alanine (KA) mutation of a conserved residue that is essential for ATP hydrolysis (Richmond and 194 Peterson 1996) (Figure 2a and figure supplement 2a (Kennison and Tamkun 1988; Tamkun et al. 1992; Kia et al. 2008 intellectual disability disorders (Kadoch et al. 2013; Sun et al. 2017; Kosho et al. 2014; Bögershausen and Wollnik 2018 demonstrated that these cells stopped the cell cycle before S, or in very early S phase (Figure 5a ).
Therefore, it is highly unlikely that the arrest results from a TOP2A-associated function of BAF 326 complexes, which has been reported to contribute to faithful mitosis (Dykhuizen et al. 2013 ). We considered the possibility of a DNA damage or intra-S-phase checkpoint arrest, as SWI/SNF 328 complexes have also been implicated in DNA damage repair and replication (Kadoch and Crabtree 2015; Brownlee et al. 2015 (Helming et al. 2014b; Hoffman et al. 2014; Wilson et al. 2014 ). However, some cells appear to survive without SWI/SNF function. In a specific small cell carcinoma of the ovary as well as a initially expected to fully disable SWI/SNF complexes, the growth of SNF5-deficient tumors still requires BRG1 (Wang et al. 2009 ). Recent studies revealed the presence of ncBAF complexes 398 that do not contain SMARCB1, while removal of ncBAF-specific subunits induces synthetic lethality in cancer cells lacking SMARCB1 Michel et al. 2018 from genes with GO terms associated with development and differentiation (Alver et al. 2017 ).
412
The knockout of SWI/SNF subunits in MEF cells, as well as introduction of heterozygous dominant-negative alleles of BRG1 in mouse embryonic stem cells caused a broad reduction of 414 chromatin accessibility at active enhancers, which remarkably was associated with loss of H3K27Ac rather than increased PcG protein binding (Hodges et al. 2018; Alver et al. 2017 
Materials and methods
Strains and culture
442
Genotypes of all strains used in this study are listed in Supplementary Next, the PCR fragments were cloned into the pCFJ350 MosSCI vector using Gibson assembly. 474 The Phlh8::swsn-1::unc-54 UTR hairpin construct was generated by replacing GFP::H2B in the above mentioned Phlh-8 containing vector with a ~1100 bp swsn-1 cDNA Mlu/MscI fragment.
476
Next, the antisense sequence of the same ~1100 bp swsn-1 cDNA fragment was cloned using worms can be maintained. The K to A mutation was identified using a primer annealing to the mutated sequence. All mutations were sequence verified. reporter expression and cell numbers from at least ten independent animals. Graphs and data analysis were produced using GraphPad Prism 6.05. Plots indicate all data points, as well as the 540 mean (average) ± SEM. As the data essentially fit normal distributions, unpaired two-tailed Student's t tests were used to examine statistical significance of the difference between means.
542
Propidium iodide staining 544 Propidium iodide staining was carried out after Carnoys fixation as previously described (Boxem et al. 1999) . For DNA quantification, Z-stacks were acquired using a Zeiss LSM700 confocal 546 microscope. Maximum projections (SUM) were made in ImageJ from all the stacks in which the M cell DNA was visible, and pixels quantified using ImageJ. Post-mitotic, differentiated body 548 wall muscle cells (2N) were quantified in the same manner and used as a reference.
550
Larval cell isolation
The C. elegans L1 larval cell isolation protocol was adapted from (Zhang et al. 2011 ). To 552 generate large amounts of synchronized L1 larvae, worms were grown in S medium in liquid culture for two generations (to enrich for gravid adults) and bleached. Eggs were hatched 554 overnight (for 18-22 hours) in S medium without food, and starved L1 larvae split into three aliquots and put back into S medium with OP50 for 5.5 hours. Cultures were put on ice for 15 556 minutes, spun down at 1300g, washed 2x in M9 and once in H 2 0. L1 larvae were then transferred to 1.5 ml Eppendorf tubes (20-40 µl L1 pellet per Eppendorf) and spun down at 16000g. Larvae protocols with some modifications (Hashimshony et al. 2012 (Hashimshony et al. , 2016 . RNA was precipitated using chloroform/isopropanol precipitation at -20°C for 48-72 hours, and washed once in 75% ethanol.
580
CEL-Seq2 primers were used (one unique primer per sample), with each primer containing an anchored polyT, a 6 bp unique barcode, 6 bp UMI, a 5' Illumina adaptor and a T7 promoter. The 582 CEL-Seq1 protocol was followed for a first round of reverse transcription and cDNA cleanup 27 followed by in vitro transcription, as well as for fragmentation of amplified RNA (aRNA), as 584 described (Hashimshony et al. 2012) . aRNA was run on an agilent bioanalyzer (RNA pico-ChIP)
for quality control and quantification. The CEL-Seq2 protocol was followed for a second round 586 of reverse transcription and PCR amplification, as described (Hashimshony et al. 2016) . cDNA was amplified for 11-15 cycles depending on aRNA amounts, run on an agilent bioanalyzer 588 (DNA picoChIP), quantified using a Qubit and 1-2 ng sequenced with 5% coverage on an Illumina NextSeq500.
590
RNA-sequencing data analysis
592
Data analysis was carried out in R version 3.4.4. Principal component analysis (PCA) was performed with the plotPCA function after carrying out variance-stabilized transformation on the 594 data. Differential gene expression was analyzed using DESeq2 (default settings) using a padj cutoff of 0.1 (Love et al. 2014) . Plots were generated using ggplot2 (Wickham 2016 
